In this study, the technology identification, evaluation, and selection (TIES) method was implemented to explore an optimum design space appropriate for a personal air vehicle (PAV) at the conceptual design stage. A morphological matrix was employed to identify possible alternative configurations and performance targets. The Microsoft Excel add-in JMP, a commercial statistical tool, and a PAV sizing tool developed for this study were used for modelling and simulation. After the screening test, seven design variables having significant impacts on the design were finally chosen, specifically the range, maximum speed, cruise speed, cruise altitude, passengers, takeoff ground roll, and stall speed. Response surface equations (RSEs) were created as a function of the seven design variables. The generated RSEs were then used to perform a Monte Carlo simulation (MCS) to explore a feasible design space. As a result, it was confirmed that all seven design variables can be employed for an optimization process. In addition, k-factor and technology sensitivity analyses were conducted to evaluate applicable technologies quantitatively. Consequently, the selected set includes a flow circulation flap, leading edge blowing, a nanocoating, liquid metal, and an advanced composite material, which are technologies that greatly influenced the target criteria. Furthermore, the target value variations were analyzed as the k factors changed.
Introduction
A personal air vehicle (PAV), a type of future transportation, is an emerging aviation market that may provide on-demand aviation services to resolve traffic congestion. Because the desire for rapid door-to-door air travel that also avoids traffic jams is drawing attention to new possible transportation systems, it is expected that PAVs will play a key role as one such transportation system in the near future.
In response to this paradigm shift, the U.S. government has initiated several projects, such as the Personal Air Vehicle Exploration (PAVE) and the Next Generation Air Transportation System (NextGen), focusing especially on the Small Aircraft Transportation System (SATS). In addition, certain aviation companies such as Terafugia, AeroMobil, and PAL-V are pioneering new markets for roadable PAVs.
A team of researchers at the Georgia Institute of Technology has conducted research to develop promising roadable aircraft concepts that meet a set of potential design requirements. In their research, a notional roadable aircraft concept was designed and analyzed to meet a generic set of roadable aircraft performance requirements. Subsequently, a number of different propulsion system architectures were considered and quantitatively compared. Finally, requirement and technology trade-off studies were conducted in relation to a notional roadable aircraft concept [1] . 
Problem Definition
The TIES method systematically identifies and evaluates new technologies in eight steps. In the first step, it requires the identification of the problem and determination of the target values for the design. The target values for the PAV design are presented in Table 1 . The rationale for the target values is as follows.
The maximum takeoff weight (MTOW) is considered as one of the most important factors in aircraft design because it affects not only aircraft performance metrics such as the stall speed but also the cost analysis via the weight data. In this study, the target value for the PAV MTOW was determined by considering an existing fixed-wing PAV developed by AeroMobil [17] .
The wing span must be considered as one of design variables with length constraint in a fixedwing PAV design, as the vehicle should be able either to take off from or land on a road if necessary. In this study, it was assumed that PAVs take off from and land on a four-lane road. In general, a fixed-wing PAV requires a wing-folding mechanism. The wing root chord was determined by considering the minimum width of the vehicle, because the wing root chord has the greatest impact on the vehicle's width when the vehicle is in the driving mode [18] .
Wing loading (W/S) plays a key role in determining the wing area when designing an aircraft. It is also considered as a significant factor affecting the lift coefficient, wetted area, and wing span. In addition, the aircraft performance is typically influenced by W/S, meaning that it must be considered during the design of an aircraft. Due to the lack of information available, the authors decided to determine a target value for W/S by investigating statistical data for general aircraft of a size similar to that of a fixed-wing PAV [19] .
The power-to-weight ratio (P/W) is also considered as a highly important factors affecting the aircraft performance. In particular, it is considered as a significant variable during the engine selection process. The P/W ratio was also estimated using available statistical data [19] . 
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Define Concept Space

Define the Technology and Concept Space
In general, there are numerous combinations of subsystems that can meet the requirements of the design of any complex system, such as an aircraft. Identifying possible alternatives for the configuration of aircraft is usually achieved by constructing a morphological matrix. The morphological matrix consists of rows and columns. Generally, rows include information about the major characteristics, whereas columns contain information pertaining to possible design alternatives. After completing the construction of the morphological matrix, a baseline design concept is typically determined based on the decision maker's experience and knowledge.
Define the Design Space
After the main configuration of the aircraft is determined, the design variables should be specified to quantify the variables that may affect the PAV performance physically. Because design variables are not isolated during the conceptual design process but vary continuously, the objective is to find optimized conditions for the design by repeating the calculation process in particular regions.
Modeling and Simulation
In order to evaluate the impacts of the concepts chosen from the morphological matrix, modeling and simulation are necessary. This requires a clear understanding of the performance of the baseline case. In this study, as a tool for modeling and simulation, the software programs of MS Excel, JMP developed by SAS [20] , and the aforementioned PAV sizing tool developed for this study were employed.
The roadable PAV sizing tool programmed with both Excel and Visual Basic for Applications is composed of a mission sheet, a concepts sheet, a technology sheet, a constraint analysis sheet, an aerodynamic sheet, a propulsion sheet, and a weight sheet.
As shown in Figure 2 , the PAV sizing tool requires the following steps: (i) specify the design variables, (ii) choose the mission profile and option, (iii) calculate the performance and perform a constraint analysis, and (iv) iterate the sizing process and perform optimization. The baseline configuration of the PAV is shown in Figures 3 and 4 . 
Design Space Exploration
The design space exploration step involves a screening test, the generation of meta-models of the design variables, and a Monte Carlo simulation (MCS). In the screening test, a sensitivity study is typically performed to identify design variables that may have a great impact on the target values. A possible design range is then obtained by collaboration between the meta-model and the MCS.
Screening Test
As mentioned above, a screening test is typically used to identify the design variables that largely affect the target values among the design variables. In this study, the fractional factorial design approach was utilized with twelve design variables and seven response variables for screening test purposes. There are two levels for each design variable, and 128 experiments in total were performed. The actual design range for each variable was estimated by means of inverse scaling of the design variables.
In order to capture the effects of all of the design variables at once, the DOE had to be used along with not only a regression analysis but also a Pareto plot with a p-value. The vertical axis is the frequency of occurrence, but it can alternatively represent the important unit of design variables.
Because the values are in decreasing order, the cumulative function is a concave function. To take the example in Figure 5 , in order to design the maximum takeoff weight (MTOW) by 80% target value, it is sufficient to consider the first five design variables, i.e., takeoff ground roll, passengers, cruising speed, maximum speed, range. The purpose of the Pareto chart is to highlight the most important among a (typically large) set of factors. In quality control, it often represents the most common sources of defects, the highest occurring type of defect, or the most frequent reasons for customer complaints, and so on. In this study, based on the Pareto plot and cumulative density distribution, the authors explored the design variables that could take into account the variability of a target value at 80% through a screening test. The design space exploration step involves a screening test, the generation of meta-models of the design variables, and a Monte Carlo simulation (MCS). In the screening test, a sensitivity study is typically performed to identify design variables that may have a great impact on the target values. A possible design range is then obtained by collaboration between the meta-model and the MCS.
Because the values are in decreasing order, the cumulative function is a concave function. To take the example in Figure 5 , in order to design the maximum takeoff weight (MTOW) by 80% target value, it is sufficient to consider the first five design variables, i.e., takeoff ground roll, passengers, cruising speed, maximum speed, range. The purpose of the Pareto chart is to highlight the most important among a (typically large) set of factors. In quality control, it often represents the most common sources of defects, the highest occurring type of defect, or the most frequent reasons for customer complaints, and so on. In this study, based on the Pareto plot and cumulative density distribution, the authors explored the design variables that could take into account the variability of a target value at 80% through a screening test. A regression analysis establishes a fitted equation to explain the behavioral pattern of the data, and the regression analysis is usually validated with the p-value. In the statistics literature, the pvalue is defined, when the null hypothesis is true, as a probability that quantifies the idea of statistical significance of the evidence. Therefore, the null hypothesis is adopted when the p-value has a value between 0 and 1 (typically greater than 0.05). Null hypotheses are types of conjectures used in statistical tests, which are formal methods of reaching conclusions or making decisions on the basis of data. The hypotheses are core elements of statistical inference, heavily used in the interpretation of scientific experimental data, to separate scientific claims from statistical noise. The statement being tested in a test of statistical significance is called the null hypothesis. The test of significance is designed to assess the strength of the evidence against the null hypothesis. Usually, the null A regression analysis establishes a fitted equation to explain the behavioral pattern of the data, and the regression analysis is usually validated with the p-value. In the statistics literature, the p-value is defined, when the null hypothesis is true, as a probability that quantifies the idea of statistical significance of the evidence. Therefore, the null hypothesis is adopted when the p-value has a value between 0 and 1 (typically greater than 0.05). Null hypotheses are types of conjectures used in statistical tests, which are formal methods of reaching conclusions or making decisions on the basis of data. The hypotheses are core elements of statistical inference, heavily used in the interpretation of scientific experimental data, to separate scientific claims from statistical noise. The statement being tested in a test of statistical significance is called the null hypothesis. The test of significance is designed to assess the strength of the evidence against the null hypothesis. Usually, the null hypothesis is a statement of "no effect" if the p-value is greater than 0.05. In this study, seven design variables were ultimately selected after exploring the Pareto graph and completing the p-value estimation. The selected design variables are tabulated in Table 2 . Response surface methodology (RSM) is defined as a method that predicts the relationship between design variables and responses. In other words, it is designed to retain the predictive capability within the design space while reducing the computational cost. To be explicit, the methodology provides a multi-variate linear regression equation to generate the response model of a complex system involving multiple control variables, as follows:
where y is the response, x i and x j are the design variables, and β 0 , β i , β ii , and β ij are the regression coefficients. In order to realize the optimized RSM model, central composition design (CCD) was employed in conjunction with the regression analysis. The CCD was created through the aforementioned JMP software. In total, 143 experimental points were created with design variables chosen after the screening test. The actual design range was estimated through inverse scaling of the selected design variables. To evaluate the accuracy of the optimized response surface equation (RSE), the coefficient of determination metric was evaluated. The coefficient of determination (R 2 ) represents the variation of the response accounted for by an approximate model. It is given by the following:
where Y j is the exact response,Ŷ j is the predicted response, and Y is the mean value of the exact response. It should be noted that the coefficient of determination is always between 0 and 1. However, the coefficient of determination may not be considered as a valid metric in a multi-variate regression because the summation of the residual is generally reduced as the number of design variables increases; thus, the coefficient of determination tends to increase. To overcome these concerns, the adjusted R-squared (AR 2 ), a modified version of the coefficient of determination, was introduced, as follows:
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In this equation, n is the sample size and k is the total number of explanatory variables in the model. As shown in Table 3 , as either R 2 or AR 2 moves closer to 1, it becomes easier to explain the relationship between the design variables and the responses. In this study, JMP software was used to calculate the regression coefficients. The calculated coefficients are shown in Table 4 . 
Monte Carlo Simulation
A Monte Carlo simulation is a type of simulation that relies on repeated random sampling and statistical analysis to compute the results. This method of simulation is very closely related to random experiments for which a specific result is not known in advance [21] . Mathematical models can be deterministic or stochastic. A deterministic model is one in which the state variables are uniquely determined by parameters in the model and by sets of previous states of these variables. Therefore, deterministic models perform the same way for a given set of parameters and initial conditions, and their solution is unique. Conversely, stochastic model parameters are described by random variables or distributions rather than by a single value. Correspondingly, state variables are also described by a probability distribution. Thus, a stochastic model yields a manifold of equally likely solutions, allowing the modeler to evaluate the inherent uncertainty of a natural system [22] .
To explore the design space fully, an MCS with 10,000 cases was run with the generated RSE. To generate the 10,000 cases randomly, the MS Excel program was used. Cumulative distribution function (CDF) plots were used to assess the feasibility and viability of the design space.
Determine System Feasibility and Viability
In order to determine the feasibility and viability of the system, the MCS results were fed into the CDF and the feasibility of the system was assessed through a comparison with the target values. The desirability function was then used for the results of the RSM. A schematic of the feasibility and viability of the system is presented in Figure 6 . 
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Cumulative Distribution Function
In the probability and statistics literatures, the CDF is defined as the probability that a realvalued random variable, denoted as , will take a value less than or equal to . The CDF is given by the following:
where the right-hand side represents the probability that a random variable takes on a value less than or equal to . Figure 7 and Tables 5-7 show the target values and feasible design space. 
In the probability and statistics literatures, the CDF is defined as the probability that a real-valued random variable, denoted as X, will take a value less than or equal to x. The CDF is given by the following:
where the right-hand side represents the probability that a random variable X takes on a value less than or equal to x. Figure 7 and Tables 5-7 show the target values and feasible design space. Based on the results generated by the MCS, it was observed that the feasible design space for MTOW is from 2238 to 3219 lbs. and the target value for the MTOW is less than 2500 lbs. A probability that is capable of satisfying the target value for MTOW is 26.7%. In a similar way, the feasible design space for wing span is from 29 to 40 ft and a probability that is capable of satisfying the target value for wind span is 100%. The feasible design space for wing root chord is from 5.1 to 6.9 ft and a probability that is capable of satisfying the target value for wind root chord is 2.5%. The feasible design space for W/S is from 15 lb/ to 19 lb/ and a probability that is capable of satisfying the target value for W/S is 50%. The feasible design space for the P/W ratio is from 0.061 hp/lb to 0.089 hp/lb and a probability that is capable of meeting the target value for the wind span is 50%. With regard to fuel efficiency, it is a qualitative variable, and the feasible design space is from 9.36 to 14.84 mpg. Although the wing root chord design variable appears to show a low probability that meets the target value, it was confirmed that all design variables could be used for the optimization process. Hence, this indicates that it is possible to optimize the baseline design values in the feasible design space.
Parameter Optimization
A desirability function is typically used for optimizing the model created by the RSM. The desirability function approach is based on the concept of optimizing multiple response processes. The desirability functions are categorized as response maximization, response minimization, and assigning a target value, as shown in Equations (5)-(7) as follows: Based on the results generated by the MCS, it was observed that the feasible design space for MTOW is from 2238 to 3219 lbs. and the target value for the MTOW is less than 2500 lbs. A probability that is capable of satisfying the target value for MTOW is 26.7%. In a similar way, the feasible design space for wing span is from 29 to 40 ft and a probability that is capable of satisfying the target value for wind span is 100%. The feasible design space for wing root chord is from 5.1 to 6.9 ft and a probability that is capable of satisfying the target value for wind root chord is 2.5%. The feasible design space for W/S is from 15 lb/ f t 2 to 19 lb/ f t 2 and a probability that is capable of satisfying the target value for W/S is 50%. The feasible design space for the P/W ratio is from 0.061 hp/lb to 0.089 hp/lb and a probability that is capable of meeting the target value for the wind span is 50%. With regard to fuel efficiency, it is a qualitative variable, and the feasible design space is from 9.36 to 14.84 mpg. Although the wing root chord design variable appears to show a low probability that meets the target value, it was confirmed that all design variables could be used for the optimization process. Hence, this indicates that it is possible to optimize the baseline design values in the feasible design space.
A desirability function is typically used for optimizing the model created by the RSM. The desirability function approach is based on the concept of optimizing multiple response processes.
The desirability functions are categorized as response maximization, response minimization, and assigning a target value, as shown in Equations (5)-(7) as follows:
where T i is the target value, y i is the desired response, y L i is the lower value, and y U i is the upper value. The goal of the desirability function approach is to find the combination of design variables by which the geometric mean is maximized for each desirability function. The geometric mean is a mean or average indicating the central tendency or a typical value of a set of numbers using the product of their values. The geometric mean is defined as the nth root of the product of n numbers, as shown in Equation (8) . The function shape can be determined by changing the variables. Once these variables are defined as greater than 1, they approach the target values [23] :
JMP software provides the capability of determining a "desirability function". In this study, the authors used the capability for six responses (MTOW, wing span, wing root chord, W/S, P/W, and fuel efficiency) and performed optimization with response maximization.
In Figure 8 , the xand y-axes represent the design variables and responses, respectively. In addition, the characteristic of desirability is depicted in Figure 8 . The optimized design variables and target values are summarized in Tables 8 and 9 , respectively. It should be noted that the optimized target values were evaluated by the PAV sizing tool, which means that the values were not estimated by the RSE. As depicted in Table 9 , it was found that all design variables except for the wing root chord reach the target values. The wing root chord design variable was investigated further in the technology identification section below. 
Technology Identification
This technology identification section identifies latent technologies that meet the target values. After identifying applicable technologies, it is necessary to evaluate their impacts quantitatively. These impacts can be modeled as a technology impact factor, called the k factor. In this study, the k factors were fed into the PAV sizing tool calculation as weighted parameters. For example, the k factors can be used as the tool calculates the weight, drag force, and so forth. Finally, the k factors were determined after considering the pros and cons and the technology readiness level (TRL), as shown in Table 10 . Equation (9) describes how the k factors are used in the PAV sizing tool:
where W is the fuselage weight, k is a factor related to the fuselage weight, and EW is the empty weight. 
There are so many technologies to improve the aerodynamic performance of a roadable PAV in the future. Flow circulation control, pneumatic channel wing, distributed propulsion, etc., can be used as high lift devices. In addition, the Goldschmied fuselage, nanocoating, piezoelectric active skin, etc., can be used to reduce fuselage drag in the future. However, in this study, only one representative technology was chosen for each TRL as shown in Table 10 .
Flow Circulation Flap
A flow circulation flap utilizes the principle of the Coanda effect, which enables a flow at a slit to attach over the wing. This results in an increase in the lift force due to the generation of the downwash effect. According to a computational experiment by Montanya and Marshall [24] , the lift coefficient of a NASA SC (2)-0414 airfoil with a 30 degree flap angle is increased by 30% compared to the zero flap angle case; the lift coefficient is estimated to be 3.3. The k factor for the lift coefficient in this study was defined with values of 0.1 and −0.15 for the friction drag and 0.01 and 0.05 for the aero structure weight factor and electronics weight factor, respectively.
Leading Edge Blowing
Leading edge blowing is a technique that delays flow separation by injecting a flow over the leading edge [25] . This increases the stall angle such that the maximum lift coefficient can be increased. The ultimate objective of leading edge blowing is to use flow control to delay leading edge separation from the airfoil, which in practical terms will allow the removal of the leading edge slat devices [26] . However, the technique has also adverse effects, such as increasing the weight due to the complexity of the system. Therefore, in this study, the authors defined the k factor with values of −0.1 for the friction drag and 0.01 for the aero structure weight factor.
Nanocoating
The crude material such as the nanocoating used here is composed of nanoscale acrylic polymer beads. In the conceptual design, the nanocoating is applicable to all surfaces because it is not necessary to modify the geometric design. Once the nanocoating is applied, it is expected that a laminar and turbulent flow reduces the drag force by 40% and 15%, respectively. This in turn increases the fuel efficiency by 2% [27] . Nanocoating does not require geometric design modifications, and can be applied to any surface except windows. Nanocoating is currently being tested on Russian aircraft so that this TRL 7 technology could be applicable to a roadable PAV in the future. In this study, the k factors for the lift, drag, and weight were determined after considering the pros and cons.
Piezoelectric Active Skin
Piezoelectric active skin refers to the technique of vibrating the wing surface in a direction where it resists a turbulent flow. This results in increasing the lift coefficient as well as decreasing the drag coefficient. A research group from Southampton University conducted a study of the relationship between the piezoelectric active skin technique and the lift/drag coefficients by applying the technique to the upper surface of a NACA 0015 airfoil [28] . According to their results, applying the technique helps to increase the lift coefficient and decrease the drag coefficient when the Reynolds number is defined as 4.8 × 10 5 . However, in a low Reynolds number condition, it was reported that the technique had little impact on the lift/drag coefficients. This technology is included in the technology identification because of the large effect of lift and drag coefficients on PAV designs where stability is important. In this study, the k factors for the lift, drag, and weight were determined after considering the pros and cons.
Liquid Metal
Liquid metal was developed by NASA, the California Institute of Technology, and the U.S. Department of Energy [29] . Liquid metal is a type of alloy, a mixture of three of more metals, with characteristics similar to plastic that cools quickly and has more than twice the strength of titanium [30] . Liquid metal has certain unique properties. For example, molding is relatively easy with this material, and it is light in weight compared to other metals. This technology is included in the technology identification because aircraft manufacturers claim that it can be used for aircraft structural components. It combines a high degree of elasticity and strength. Although this TRL 6 technology concept has been demonstrated, it is not yet applicable to the aerospace industry. Thus, in this study, the k factor for the liquid metal was determined after considering the specific advantages.
Technology Evaluation
The technologies from the technology impact matrix in Table 10 were assessed by creating a DOE for the k factors using the provided design ranges. The DOE used for the technology evaluation was a factorial design, and 256 experimental samples in total were prepared to evaluate the impact of each combination of technologies. The method used to determine the k factors for the evaluation of each combination of technologies is described below.
In Table 11 , −1 indicates that the technology is not fused into the design, whereas +1 indicates the fusing of the technology in the design. For example, in the 130th experiment, both T1 and T8 were fused into the design, and they had effects on Friction Drag Factor (FDF), Aero Structure Weight Factor (ASWF), Car System Weight Factor (CSWF), Lift Factor (LF), and Electronic Weight Factor (EWF). Thus, the k factors for T1 and T8 were implemented into the baseline factors as follows: Case  T1  T2  T3  T4  T5  T6  T7  T8 1
Wing loading (W/S) 1 1 Power-to-weight (P/W) 0.92 0.90 
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In order to determine the feasibility and v the CDF and the feasibility of the system was a The desirability function was then used for the viability of the system is presented in Figure 6 . A portion of all possible technology combinations with respect to the optimized target values is summarized in Table 12 . 
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Monte Carlo Simulation
A Monte Carlo simulation is a type of simulation that relies on repeated random sampling and statistical analysis to compute the results. This method of simulation is very closely related to random experiments for which a specific result is not known in advance [21] . Mathematical models can be deterministic or stochastic. A deterministic model is one in which the state variables are uniquely determined by parameters in the model and by sets of previous states of these variables. Therefore deterministic models perform the same way for a given set of parameters and initial conditions, and their solution is unique. Conversely, stochastic model parameters are described by random variables or distributions rather than by a single value. Correspondingly, state variables are also described by a probability distribution. Thus, a stochastic model yields a manifold of equally likely solutions allowing the modeler to evaluate the inherent uncertainty of a natural system [22] .
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Technology Selection
One of the objectives during the technology evaluation step is to find any combinations of technologies that cause the design variables to reach the target values to meet the requirements. In the previous section, we observed that the wing root chord design variable was not able to reach the target value. Hence, under the condition guaranteeing that the other design variables are within the feasible design space, a few technology combinations were chosen to satisfy the target value for the wing root chord. Finally, with eight technology combinations, it was confirmed that the wing root chord design variable reached the target value, which was 5.3. The selected technology combinations and the final target values are tabulated in Tables 13 and 14 , respectively. Table 13 . Technology combinations satisfying root chord length requirements.
Case
Technology Combinations   48  Combination 1: T3, T5, T6, T7, T8  108  Combination 2: T2, T3, T6, T7, T8  176  Combination 3: T1, T3, T5, T6, T7, T8  22  Combination 4: T1, T2, T3, T6, T7, T8  238  Combination 5: T1, T2, T3, T5, T6, T8  240  Combination 6: T1, T2, T3, T5, T6, T7, T8  248  Combination 7: T1, T2, T3, T4, T6, T7, T8  256  Combination 8: T1, T2, T3, T4, T5 , T6, T7, T8 
Sensitivity Analysis
Technology
In order to conduct a technology sensitivity analysis, each technology infuses the optimized design variables to determine how the design variables change. In general, a technology sensitivity analysis enables one to observe how a target value varies when the technology is infused in the design space. In this study, technology sensitivity analyses were performed with the eight selected technologies. The deviations for each of the target responses are depicted in 
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In order to conduct a technology sensitivity analysis, each technology infuses the optimized design variables to determine how the design variables change. In general, a technology sensitivity analysis enables one to observe how a target value varies when the technology is infused in the design space. In this study, technology sensitivity analyses were performed with the eight selected technologies. The deviations for each of the target responses are depicted in Figures 9-13 . As a result, the following observations were made. (i) The advanced composite material (T8) technology has the greatest impact on the MTOW and reduces it by 3.4%. (ii) The flow circulation flap (T1) and advanced ducted fan (T5) technologies have the lowest impacts on the MTOW, reducing it by 1.2%. (iii) The piezoelectric active skin (T4) technology increases the MTOW by 0.6%. Both the wing span and wing root chord show identical trends with regard to the MTOW. (iv) The flow circulation flap (T1) technology has the greatest impact on the P/W ratio, reducing it by 8.7%. (v) The advanced ducted fan (T5) technology has the lowest impact on the P/W, reducing it by 3%. (vi) The liquid metal (T6) and advanced composite material (T8) technologies increase the P/W by 0.4% and 0.5%, respectively. (vii) Regarding the fuel efficiency, all technologies increase the fuel efficiency. For instance, the nanocoating (T3) technology increases the fuel efficiency by 8.4%. Figure 9 . Technology sensitivity analysis: deviation from optimal MTOW target value. Figure 9 . Technology sensitivity analysis: deviation from optimal MTOW target value. Figure 10 . Technology sensitivity analysis: deviation from optimal wing span target value. Figure 11 . Technology sensitivity analysis: deviation from optimal wing root chord target value. Figure 12 . Technology sensitivity analysis: deviation from optimal power-to-weight target value. Figure 12 . Technology sensitivity analysis: deviation from optimal power-to-weight target value. Figure 13 . Technology sensitivity analysis: deviation from optimal fuel efficiency target value.
K Factor
The k factors are fed into the PAV sizing tool calculation, in this case with the calculated weight and drag force as weighted parameters. Additionally, a k factor sensitivity analysis enables us to analyze how each k factor affects the design space. Accordingly, the k-factor sensitivity analysis can help decision makers during the PAV design process find the proper technologies that contain the best combinations of technologies. In this study, a k-factor sensitivity analysis was conducted with 19 factors that could have an impact on the optimized design results. The lower and upper bounds for the k factors were correspondingly defined with negative and positive 10% intervals. As a result, 12 factors were finally chosen after considering the sensitivity results. The selected factors are as follows: the combustion engine Specific Fuel Consumption (SFC), combustion engine weight, propulsion efficiency, structure weight, landing gear weight, car system weight, cabin weight, morphing mechanism weight, electronic weight, parachute weight, induced drag, and friction drag. Based on the observations from the k-factor sensitivity analysis, here are the findings. (i) As the "combustion engine SFC" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. (ii) As the "combustion engine weight" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. (iii) As the "propulsion efficiency" factor increases, the MTOW/wing span/wing root chord/power-to-weight ratio decreases while the fuel efficiency increases. (iv) As the "structure weight" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. As can be seen, the factors related to the weight (i.e., the "combustion engine weight" and the "structure weight") have identical tendencies as the k factors are varied. (v) As the "induced drag" and "friction drag" increase, the MTOW/wing span/wing root chord/power-to-weight ratio increases while the fuel efficiency decreases. All of these results are shown in Figures 14 and 15 . Figure 13 . Technology sensitivity analysis: deviation from optimal fuel efficiency target value.
The k factors are fed into the PAV sizing tool calculation, in this case with the calculated weight and drag force as weighted parameters. Additionally, a k factor sensitivity analysis enables us to analyze how each k factor affects the design space. Accordingly, the k-factor sensitivity analysis can help decision makers during the PAV design process find the proper technologies that contain the best combinations of technologies. In this study, a k-factor sensitivity analysis was conducted with 19 factors that could have an impact on the optimized design results. The lower and upper bounds for the k factors were correspondingly defined with negative and positive 10% intervals. As a result, 12 factors were finally chosen after considering the sensitivity results. The selected factors are as follows: the combustion engine Specific Fuel Consumption (SFC), combustion engine weight, propulsion efficiency, structure weight, landing gear weight, car system weight, cabin weight, morphing mechanism weight, electronic weight, parachute weight, induced drag, and friction drag. Based on the observations from the k-factor sensitivity analysis, here are the findings. (i) As the "combustion engine SFC" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. (ii) As the "combustion engine weight" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. (iii) As the "propulsion efficiency" factor increases, the MTOW/wing span/wing root chord/power-to-weight ratio decreases while the fuel efficiency increases. (iv) As the "structure weight" factor increases, the MTOW/wing span/wing root chord value increases while the power-to-weight ratio/fuel efficiency decreases. As can be seen, the factors related to the weight (i.e., the "combustion engine weight" and the "structure weight") have identical tendencies as the k factors are varied. (v) As the "induced drag" and "friction drag" increase, the MTOW/wing span/wing root chord/power-to-weight ratio increases while the fuel efficiency decreases. All of these results are shown in Figures 14 and 15 . 
Conclusions
In this study, an optimization study with the TIES method was conducted on a PAV from a conceptual design standpoint. By investigating an existing design similar to roadable PAVs in South Korea, target goals were specified. Based on a market analysis, target values for the following design variables were specified: (i) MTOW, (ii) wing span, (iii) wing root chord, (iv) W/S, (v) P/W, and (vi) fuel efficiency. A morphological matrix was employed to define the concept space with the conventional type of system design. For modeling and simulation, JMP software developed by SAS, 
In this study, an optimization study with the TIES method was conducted on a PAV from a conceptual design standpoint. By investigating an existing design similar to roadable PAVs in South Korea, target goals were specified. Based on a market analysis, target values for the following design variables were specified: (i) MTOW, (ii) wing span, (iii) wing root chord, (iv) W/S, (v) P/W, and (vi) fuel efficiency. A morphological matrix was employed to define the concept space with the conventional type of system design. For modeling and simulation, JMP software developed by SAS, Figure 15 . K-factor sensitivity analysis: deviation of design variables 2 for 10% increase of the k factor.
In this study, an optimization study with the TIES method was conducted on a PAV from a conceptual design standpoint. By investigating an existing design similar to roadable PAVs in South Korea, target goals were specified. Based on a market analysis, target values for the following design variables were specified: (i) MTOW, (ii) wing span, (iii) wing root chord, (iv) W/S, (v) P/W, and (vi) fuel efficiency. A morphological matrix was employed to define the concept space with the conventional type of system design. For modeling and simulation, JMP software developed by SAS, Microsoft Excel, and a PAV sizing tool developed for this study were utilized. To explore the design space, both a screening test and a Pareto front analysis were conducted to determine the design variables that had the greatest influence on the design. As a result, seven design variables were finally chosen, specifically the range, maximum speed, cruise speed, cruise altitude, passengers, takeoff ground roll, and stall speed. A CCD was constructed to sample experimental points with the selected design variables. RSE values were then generated using the sample points. To evaluate the accuracy of the generated RSEs, the coefficient of determination was calculated and evaluated. Consequently, it was found that the metric values are close to 1. Using the generated RSEs, an MCS was performed to propagate the metrics of interest and to explore the design space within the provided design ranges. Based on the results from the MCS, it was observed that a probability of meeting the target value for the MTOW is 26.7%. Similarly, the wing span value was 100%, the wing root chord value was 2.5%, the W/S ratio was 50%, and the P/W ratio was 50%. Moreover, the design range for fuel efficiency was estimated to be from 0.061 hp/lb to 0.089 hp/lb; therefore, it was confirmed that all design variables could be used for the optimization process. The optimized design variables were then acquired using JMP's desirability function. However, it was found that the wing root chord design variable could not reach the target value, as expected.
In the technology identification and evaluation steps, several applicable technologies having significant impacts on the design were explored to determine if the technologies allow the design variables to meet the target values by infusing suitable technologies. Finally, eight technologies were chosen for the wing root chord design variable. In addition, a k-factor sensitivity analysis was performed to assess the technologies quantitatively. As a result, it was observed that the factors of flow circulation flap, leading edge blowing, nanocoating, liquid metal, and advanced composite material had the greatest influence on the target values. Furthermore, the variations in the target values were analyzed as the k factors changed.
